It was numerically demonstrated that current-in-plane ͑CIP͒ and current-perpendicular-to-plane ͑CPP͒ Ir 20 Mn 80 based giant magnetoresistance spin valve read sensors operating at an extremely high current density ͑J Ն 1 ϫ 10 8 A / cm 2 ͒ show completely different electrical and magnetic failure mechanisms: ͑1͒ CIP read sensors, electromigration-induced Cu spacer diffusion and correspondingly degraded interlayer coupling were primarily responsible for the failures; while, ͑2͒ CPP read sensors, the deterioration of exchange bias due to thermomigration-induced Mn interdiffusion at the Co 80 Fe 20 / Ir 20 Mn 80 interface was found to be dominant. The different temperature and current distribution resulting in different mass-transport mechanisms are the main physical reasons for the failure.
I. INTRODUCTION
As the magnetic recording density has been incredibly increased beyond 1 Tbit/ in.
2 , the geometry of exchange biased giant magnetoresistance ͑EBGMR͒ spin valve ͑SV͒ read sensors is dramatically reduced down to a few tens of nanometers and the current density for the sensor operation is correspondingly increased beyond J = 1 ϫ 10 8 A / cm 2 . 1 Accordingly, the electrical and magnetic failures of EBGMR SV read sensors accelerated by the substantial electron wind force and joule heating, which are directly relevant to electromigration ͑EM͒ and thermomigration ͑TM͒-induced masstransport, become critical in the stability issue of EBGMR SV read sensors.
The research concern on the magnetic and electrical stabilities of EBGMR SV read sensors operating at the high current density were initiated approximately one decade ago for the current-in-plane ͑CIP͒ configuration. 2, 3 However, all of the research efforts made so far were focused on the phenomenological observation of GMR degradation, thermally induced magnetic degradation due to joule heating, and EMinduced failure lifetime, 2,4 there have been no systematic studies to elucidate the physical failure mechanism. The main reason for this technical limitation is that the read sensors are completely encapsulated by the insulator as well as top and bottom magnetic shields. Therefore, it was not easy to analyze the fluctuation of temperature rise and the current density distribution inside the read sensors. Furthermore, as the configuration of EBGMR SV read sensor has been recently changed from CIP to current-perpendicular-to-plane ͑CPP͒ for the ultrahigh density of magnetic recording beyond 1 Tbit/ in. 2 , two major concerns directly relevant to the extremely high operating current density are critically raised: ͑1͒ which mass-transport mechanism ͑failure mode͒, either EM or TM, would be dominant for each configuration of EBGMR SV read sensor, and ͑2͒ which sensor configuration, either CIP or CPP, would be better for an ultrahigh density recording read sensor in terms of electrical and magnetic reliability.
In this work, we report on the numerically confirmed electrical and magnetic failure mechanism of CIP and CPP read sensors operating at an extremely high current density beyond J = 1 ϫ 10 8 A / cm 2 targeted for 1 Tbit/ in. 2 of magnetic recording density. In order to compare and to investigate the temperature and current density distribution for the understanding of EM and TM-induced mass-transport mechanism and the corresponding magnetic failure characteristics in the both CIP and CPP-EBGMR SV read sensors, three-dimensional ͑3D͒ thermoelectrical models based on finite element method were employed for the detailed quantitative analysis.
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II. NUMERICAL MODEL
The CIP and CPP-EBGMR SV read sensors with identical magnetic shields ͑Permalloy͒ and geometry but different shield-to-shield gap were considered for the numerical calculation. The CIP read sensor had an 80 nm thick Al 2 O 3 layer for the dielectric gap. 6 The dimension of magnetic shields was fixed at a 2 m͑W , width͒ ϫ 2 m͑L , length͒ ϫ 2 m͑thickness͒ and the EBGMR SV consisted of Ta In order to analyze the different temperature rise and current distribution inside the CIP and CPP read sensors, 3D electrical-thermal calculations of GMR spin valve systems were done using a numerical finite element method by solving following equations:
